Key words: fibronectin/target size/X-ray inactivation method/cell adhesion ABSTRACT. In order to elucidate the mechanism of cell adhesion, the size of the functional site, both in the fibronectin molecule and in the mouse fibroblast cell, responsible for cell adhesion activity, was determined. The size was assumed to be equivalent to the target size, that can be determined from the X-ray inactivation dose. The target size of the cell-binding site in the fibronectin molecule was 32 kdalton. The molecular weight was much larger than that of the tripeptide, which has been reported to be the minimumpeptides having a cell-binding activity. This suggests that submolecular regions in fibronectin other than the tripeptide are necessary for cell adhesion. The target size in the cell responsible for the adhesion to the fibronectin-coated surface was 4300 kdalton. The large molecular weight of the target could be explained by assuming that a complex protein system is involved in the cell-adhesion process in the cell.
Interaction between cells and extracellular matrices are known to play indispensable roles in both cell motility and cell migration, as can be observed during embryonic development (23) or the healing of wounds (3) . Cell adhesion to extracellular matrices would be an initial step in these inter-cellular interactions. Among the molecules included in extracellular matrices, fibronectin, a glycoprotein, has been intensively studied and well characterized in view of the relationship between the cell-adhesion function and the molecular structure.
This molecule is reported to have several submolecular domains (1, 13, 24) , each of which can bind specifically with extracellular matrices or to cells (6, 25) . Recent studies on the adhesion of the cells to fibronectin have revealed two important facts. The first is that there is a fibronectin receptor located on the cell surface. It was identified and isolated to be a glycoprotein having a molecular weight of about 140 kdalton (21). The second fact is that a tripeptide (Arg-Gly-Asp, RGD) in fibronectin is necessary for binding to the cells (18) . Although these approaches have provided knowledge concerning the necessary elements involved in the system, there still remains much to be studied from various aspects in order to understand the whole process. For instance, the roles of the submolecular regions in fibronectin other than the RGDsequence, as well as the molecules in the cell other than the receptor, need to be clarified since the cell-adhesion activity of fibronectin is
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known to be modified by other molecules when bound to fibronectin (10) . Our previous report showed that there exists an inter-domain interaction in the fibronectin molecule by the fluorescent depolarization method (14) , suggesting the occurrence of both intra-and intermolecular interactions in the adhesion system. In our recent work we have determined, by inactivating cell adhesion with X-rays, the target sizes of the functional site in the fibronectin molecule and of the molecular system in the cell, both of which are indispensable for the fibronectin cell-adhesion activity. This method has been used since the 1950's to measure the molecular weight of enzymes (20) . One of the features of this method is that the target weight can be obtained irrespective of the biochemical nature of the target: namely, the submolecular domain, or multi-molecular system. This method is therefore the best (and perhaps only) method for determining the size of a system whose components have not been completely identified.
Wehave examined the inactivation of fibronectin under both dry and wet conditions, and estimated, by comparing the results of the two cases, the contribution of the indirect action of radiation through water radicals. Under wet conditions, including living cells, most of the radiation energy is absorbed by water molecules, and the produced radicals contribute greatly to the inactivation of biological functions. The molecular nature of the target for the cell-adhesion activity in the fibronectin molecule and of the target in the cell responsible for adhesion to the fibronectin-coated surface is dis-cussed.
MATERIALS AND METHODS
Preparation offibronectin. Fibronectin was purified from a porcine plasma according to a method proposed by Hayashi and Yamada (5) . Briefly, the plasma was applied to a Sepharose CL-4Bcolumn; the flow-through fraction was then applied to a gelatin-affinity column. Fibronectin trapped in the column was collected with 4Murea; then, the urea was removedby dialysis. The molecular weight of the obtained protein was determined by SDS-poiyacrylamid gel electrophoresis. It coincided with the reported value of the fibronectin monomer (230 kdalton) (6) . Contamination was less than 3%. The concentration of the fibronectin fraction was determined by assuming the absorption coefficient of fibronectin to be 1.28 ml/mg/cm (15) . Fibronectin, thus prepared, was suspended in 0.13M NaCl, 10mM Tris HC1 buffer, pH 7.0 (buffer A), at the concentration of 1 mg/ml and stored at -20°C until use.
Non-covalent coating of glass slide with fibronectin. The fibronectin solution (50^g/ml) with a volume of 40jul in buffer A was applied over an area of 15mmx15mm on a glass slide, and then dried in air. Slides coated with bovine serum albumin (BSA), which does not show any cell-adhesion activity, were prepared for a comparison. Fibronectin-coated slides stored in a desiccator (humidity less than 5%) for 24 hrs were also prepared in order to estimate the effect of the remaining water molecules in samples during X-ray irradiation.
Cell lines. Mouse embryo fibroblast C3H 10T1/2 cells, originally developed by Reznikoff et al. (22) , were kindly provided by Dr. Terashima. These cells were cultured in Eagle's basal medium containing a 10%fetal bovine serum (M. A. Bioproducts, USA) supplemented with 40^g/ml kanamycin.
The cells were inoculated into 25 cm2 culture flasks at 5 x 104 cells/flask and cultured at 37°C in a CO2 incubator for 10 days until the con fluent stage was achieved. X-ray irradiation.
X-ray irradiation was performed with an X-ray generator (RU-200, Rigaku) operating at 30 kV (Cu target), 150 mA. The distance between the Be window and the sample was 33 cm. Although no filter was used, the soft X-ray component was reduced by the air in the beam path. The halfvalue layer in aluminum was 0.043 mmat the sample position, meaning that the effective energy of the X-rays irradiated onto the sample was 7.5 keV (half value layer in water, 0.58 mm). The exposure rate was 6.1 kR/min (1.6 C/kg/min). The fibronectin-coated slides, thus prepared, were placed in an irradiation field and irradiated in air. The thickness of the fibronectin on the slide was about 15 /im; this value was larger than the range (about 1 jum) of7.5 keV electrons (8) . A secondary-electron equilibrium was achieved within the sample. The solution of fibronectin was irradiated in a sample chamber made of acryl plates with a thin film window (5//m thick mylar). The depth of the chamber was 1 mmand the transmittance of 7.5keV X-ray in 1 mmof water layer was 0.29.
Hence, 58% of the exposure at the surface was used as the effective exposure in the sample. The remaining activities were plotted against this value. For the cell-irradiation experiments, 1.3 x 104 plateau-phase cells attached to 35 mmdiameter culture dishes were irradiated and used for a cell-adhesion assay.
Cell-adhesion assay. A measurement of the cell-adhesion activity of fibronectin was performed by a method reported by Hahn and Yamada (4). Both irradiated and non-irradiated cells were separately trypsinized, washed twice with phosphate buffer saline (calcium and magnesium free, pH 7.4) supplemented with 2%(w/v) BSA, and resuspended in this medium at a concentration of 1.5 x 104 cells/ml. The cell suspension (100 jul) was applied onto the fibronectin-coated slides, and incubated at 37°C, under 5% CO2. After incubation for 2 hours, the cells were observed under a microscopeand classified into two types: 1) cells which attached to and spread on the fibronectin-coated slide with an obscure and rough boundary, and 2) round cells which did not spread, looking as they did when floating in the suspension. More than 500 cells were morphologically classified and counted in each experiment. Whenno X-rays were irradiated onto either fibronectin or the cells, more than 90%of the cells attached to and spread on the fibronectin-coated slide, while less than \% of the cells became attached to the BSA-coated slide. About 3% of the cells became attached to the non-coated slide. These results showed that fibronectin coated noncovalently on the slide surface keeps its specific activity for cell adhesion. This activity can be quantitatively measured by counting the cells which became attached to and spread on the fibronectin-coated slide. By this method, the adhesion activities between fibronectin and cells were measuredunder various conditions.
RESULTS
Cell adhesion activity offibronectin irradiated in dry condition. Fibronectin was irradiated at various exposures of X-rays after being dried on slides. Unirradiated cells were dropped on the irradiated slides and inactivation of adhesion activities were measured. The remaining activity was defined as being the fraction of cells which showed some adhesion activity, and normalized to the value in the experiment with an unirradiated slide. The remaining activity decreased exponentially with an increase in the X-ray exposure ( Fig. 1 (a) ). E37, the exposure giving 37% of the remaining activity, was 3300 kR. Fibronectin-coated slides dried in a desiccator were also tested. The remainingadhesion activities were the same as those samples dried in air. Adhesion inactivation in dry fibronectin was not affected by the drying ated cells, and were found to decrease exponentially with an increase in the X-ray exposure ( Fig. 1 (b) ). E37
was 533 kR. This value was about one-sixth of the value obtained when fibronectin was irradiated under dry conditions.
A dhesion activity ofX-ray irradiated cells tofibronectin-coatedsurface. The cells were irradiated at various X-ray exposures, and the remaining adhesion activity of the cells to the surface of a slide coated with unirradiated fibronectin was measured. The remaining activity decreased exponentially with an increase in the X-ray exposure (Fig. 2) . E37 was 53.1 kR. Adhesion activity when bothfibronectin and the cells were irradiated. The adhesion activities of the irradiated cells to the irradiated fibronectin in solution were also measuredin order to examinewhether or not an inactivation of the adhesion activity with X-rays occurs independently in the fibronectin molecule and in the cell.
If such inactivation occurs independently in irradiated fibronectin and in the irradiated cell, the adhesion activity between them is equal to the product of the remaining activities of the irradiated fibronectin and of the irradiated cells. The remaining activities were measured at different activity levels. These results are shown in Table I . DISCUSSION We succeeded in quantitatively measuring the inactivation of the fibronectin-cell adhesion activity with Xrays. The obtained inactivation curves werereproducible. The results indicate that the inactivation processes of the adhesion activity of fibronectin and of the cell are independent and, therefore, that the two processes can be discussed independently. In wet systems, such as in a fibronectin solution and in a living cell, it is necessary to consider the contribution of indirect action through water radicals in the method adopted in this paper. Estimation of the target molecular weights using the inactivation curve. The target mass, M, inactivated by X-ray irradiation, was calculated by applying target theory (19) . Briefly, biological functions can be expressed by molecular entities called "targets" and are inactivated by incidents (presumably, ionizations) arising in a target due to radiation. Such incidents arise randomly in a sample located in the radiation field. For simplicity we assume that one incident (called a "hit") arising in the target inactivates its biological function. According to this assumption, the fraction of an unhit target in the sample, S, decreases exponentially with an increase in the absorbed dose, D, (absorbed energy per unit mass). This relationship can be written as
where D37 is called the mean lethal (one hit per target on the average) dose and is used as a measure of the inactivation efficiency. At a dose of D37 the remaining activity becomes 0.37 (= l/e). Whenone incident occurs in the target at D37, the absorbed energy in the target (weight, m kg), i.e., the absorbed dose in Gy, can be written as where (//en/|°) is the mass energy absorption coefficient and o)j is the relative mass abundance of the element / in the sample. For 7.5 keV X-rays, (/wTOair is 1.13 mVkg (9). In the case of a dry sample of fibronectin, the relative mass abundances were C (5.7%), H (1.3%), N (1.7%), O (5.6%), Na (33.7%), Cl (52.1%) and sulfur in the protein was less than 0.001%, which was negligible. The sodium and chlorine came from the buffer solution which was used to dissolve the fibronectin. Za>; (jum /p)i of the dry sample and of the fibronectin solution Table II . Target molecular weights estimated from the inactivation curves. Fig. 1 (a), 1 (b) and 2) and the molecular weights of the target, Mo, in dalton, thus calculated, are listed in Table II . The target for cell-adhesion activity of fibronectin under dry conditions was 32 kdalton, smaller than the molecular weight of fibronectin but much larger than that of the RGDtripeptide. The value for fibronectin under wet conditions was 1240 kdalton, about twice the molecular weight of fibronectin. The target for adhesion activity of the cell was as large as 12.4 Mdalton. Under wet conditions, water radicals, such as OH, produced by X-rays around the target, are actively involved in the inactivation processes of biological functions of the target (as indirect action of irradiation). It is also well knownthat radiation sensitivity of an enzyme irradiated in solution with ionizing radiation depends on the enzymeconcentration in the range from jug/ml to mg/ml (17) . The number of inactivated enzymemolecules in the solutions at various enzymeconcentrations does not change whenthe samenumberof water radicals are produced at a certain dose. The remaining enzymeactivity, usually defined as the fractional activity of an unirradiated solution, depends upon the total number of enzyme molecules in the solution before irradiation: in other words, the enzyme concentration of the solution. In our study, however, the concentration dependence was not observed within the range from 0.01 to 1 mg/ml, as is shown in Table III . 10 fflM Tris in the buffer must have scavenged almost all of the water radicals; a very small fraction of the radicals was used for the inactivation of fibronectin. This fraction is proportional to the concentration of fibronectin in the solution. Therefore, we could determine the Movalue in the case of a fibronectin solution, independent of the fibronectin concentration. Exclusion of the water mass in the obtained target weight. The obtained Mounder wet conditions includes the mass of the water layer surrounding the true target. The water radicals produced by the X-rays in this water layer contribute to the inactivation of the target. Weestimated both the mass and virtual thickness of the water layer by comparing the target mass of the fibronectin molecule obtained under dry conditions with the value under wet conditions. The difference between the target values under dry and wet conditions was 1210 kdalton. This difference was attributed to water molecules spherically surrounding the target, i.e. , if the target is assumed to be spherical. The thickness of the water layer was calculated to be 5.7 nm. The thickness can be considered as being the effective diffusion distance of the water radicals. Using this value, we have calculated the mass of the site in the cell responsible for adhesion to a fibronectin-coated slide, which does not include the mass of water. The target molecular weight, M, in Table II A tripeptide, RGD,in fibronectin was reported to be a minimumunit which is necessary for the cell-adhesion activity (18) . If RGDis the only structure necessary for binding to a cell surface, the target mass could be expected to be equal to the mass of RGD.Our result indicates, however, that regions other than RGDin the fibronectin molecule also play an indispensable role in the adhesion process between fibronectin and the cell. Recently, Obara et al. (16) reported that the deletion of the site, which is located more than 20 kdalton polypeptides away from the RGDsite, reduces the adhesive activity of fibronectin. This site corresponds to the region at the amino acid repeating units (type III unit 7 and 8 (12)) in the cell-binding domain. The molecular weight of a type-Ill unit is about 10 kdalton. The obtained target molecular weight under dry conditions might be (partially) explained by summing up the weight of the two type-Ill units to the RGDsite. The target molecular weight in the cell was calculated to be 4300 kdalton. Since assuming that the target in the cell is spherical gives the least surface area and, hence, the least weight of the water layer, the value of Min Table II might be overestimated. However, the difference between the obtained molecular weight and the molecular weight (140 kdalton) (21) of the fibronectin receptor molecule, integrin, can not be explained by the thickness ambiguity of the water layer surrounding the target alone. The obtained large molecular weight could be explained by assuming that the target comprises a group of proteins that included the fibronectin receptor and several other proteins, such as talin (2), which are considered to connect the receptor to the cytoskeletal proteins.
